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ABSTRACT

Recently, we described a technique that
allows us to prepare probes for expression
profiling from 0.5—1 g RNA without tem-
plate or signal amplification. However, we
were unable to use this method to study
cells harvested by needle biopsy, cell sort-
ing, or laser capture microdissection. Here
we give a new protocol for amplifying RNA
with multiple reaction cycles and preparing
fluorescent probes from approximately 10
cells. We use random 9-mers with a T3 RNA
polymerase recognition sequence on the 5’
end for every round of cDNA synthesis ex-
cept the first. The latter is primed with oli-
go(dT) with a T7 RNA polymerase recogni-
tion sequence on the 5’ end. Results were
highly reproducible and reliable, and the
products generated using our method
seemed comparable to those produced us-
ing the RiboAmp RNA kit when both were
used to do two cycles of amplification. To
test our method s utility, we lysed cells di-
rectly into reverse transcription buffer con-
taining RNase inhibitor and performed
three rounds of RNA amplification. The ex-
pression profiles of mouse C2 and NIH 3T3
cells obtained with 11 232-element arrays
using amplified RNAs were similar to those
seen when probes were prepared from un-
amplified templates.
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INTRODUCTION

DNA microarrays permit one to look
at the expression of thousands of genes
in parallel, and they have been used for
numerous basic and clinical studies in
the last few years (4,8,9,13). To take full
advantage of such arrays, one would
like to be able to profile small numbers
of cells or even single cells. Labeling
probes by direct labeling of total RNA
requires a minimum of about 20 ug
template, and analysis of small tissue
samples is impossible using this method
(6,7). We have recently described a
technique that allows us to prepare
probes from 0.5-1 pg RNA without sig-
nal or template amplification (15). For
many experiments, this is adequate, but
to study small samples, it is not.

In the past several years, techniques
have been developed that are much less
RNA intensive than ours (1,2,10,11).
These methods depend on one or two
rounds of template amplification, and
they still require a good deal of starting
material. For example, Wang et al. (14)
described a procedure that allowed them
to label 10 ng total RNA (made from a
concentrated stock solution) with two
rounds of RNA amplification mediated
by T7 RNA polymerase (T7). Since a
typical mammalian cell has only 5-10
pg RNA, this corresponds to the amount
of RNA in 1000-2000 cells. Recently,
Puskas et al. (12) compared two RNA
amplification methods—T7-based in
vitro transcription (one round amplifica-
tion starting with 3 ug total RNA) and
PCR-based amplification (25 cycles
starting with 50 ng total RNA)—to a
standard direct labeling protocol. They
found that both amplification techniques
give reproducible microarray data, but

they were not without problems. The
false-positive and false-negative rates
were higher than those seen with the
conventional labeling protocol.

To the best of our knowledge, no
quantitative array studies have been un-
dertaken with fewer than 1000 cultured
or laser-captured cells. Typically, one
round of T7 amplification gives a 100-
to 1000-fold increase in RNA, and two
rounds give a 10000-fold increase
(5,14). Thus, as suggested earlier, two
rounds should not generate enough
template to label probe using the tech-
nique that we described earlier this year
(15). Instead, three or more rounds of
amplification would be needed. Here
we show that several consecutive
rounds of amplification can be per-
formed using the T3N9 primer de-
scribed above and that DNA probes
prepared from approximately 10 cells
give reliable expression profiles.

MATERIALS AND METHODS

Microarray Fabrication

cDNA microarrays with a total of
11232 elements were printed on poly-
L-lysine coated slides. The cDNAs
used were provided by Bento Soares
(University of lowa, 1A, USA). Plas-
mids were extracted from the bacteria
using QIAprep® Turbo kits and a
BioRobot™ 8000 (both from Qiagen,
Valencia, CA, USA). The cDNA in-
serts were amplified with modified
M13 primers (M13F, 5-GTTGTAAA-
ACGACGGCCAGTG-3", and M13R,
5’-CACACAGGAAACAGCTATG-3")
and purified with MultiScreen® PCR
plates (Millipore, Bedford, MA, USA).
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The PCR products were diluted in 50%
DMSO to an average concentration of
200 ng/uL. These products (5 UL each)
were transferred to 384-well plates
(Genetix, St. James, NY, USA) and
then printed using an OmniGrid® ar-
rayer (GeneMachines, San Carlos, CA,
USA). The printed slides were aged for
a week and then post-processed before
hybridization. For detailed descriptions
of coating glass with poly-L-lysine and
post-processing the printed slides,
please visit http://cmgm.stanford.edu/
pbrown/mguide/index.html.

RNA Sample Preparation

Total RNA was extracted from
mouse C2 and NIH 3T3 cells using
TRIzoL® reagent (Invitrogen, Carls-
bad, CA, USA). Amplified RNAs were
prepared from total RNA or from lysed
cells. For total RNA, we used 1 pg (in
2 uL) total RNA in the first round of
amplification and 1 pg amplified RNA
for the second and subsequent rounds.
The RNA template was added to a 0.2-
mL PCR tube containing 6 UL 5x first-
strand buffer (Invitrogen), 31 uL
RNase-free water (Invitrogen), and 1
UL RNase inhibitor (Promega, Madi-
son, WI, USA). The volume was de-
creased to 23 puL in a vacuum cen-
trifuge (SpeedVac®; Thermo Savant,
Holbrook, NY, USA) before initiating
the first-strand cDNA synthesis.

Cells were first collected and washed
in cold 1x PBS. Then, they were count-
ed and diluted to final concentrations of
5000 or 50000 cells/mL. Two micro-
liters of cell suspension (approximately
10 or 100 cells) were added to a 0.5-mL
tube containing 6 puL 5x first-strand
buffer (Invitrogen), 31 uL RNase-free
water, and 1 uL. RNase inhibitor. The
cells were lysed in a cup sonicator (Mis-
onix, Farmingdale, NY, USA), and the
particulate matter was pelleted in a mi-
crocentrifuge at 16 000x g for 15 min at
4°C. The supernatant was transferred to
a 0.2-mL PCR tube, and the volume
was reduced to 23 pL as described
above. DNase 1 (0.5 pL; Ambion,
Austin, TX, USA) was added, and the
genomic DNA was digested at 37°C for
30 min, following which the DNase was
inactivated at 75°C for 5 min.

For first-strand synthesis, 1 uL of a
100 pmol/uL solution of T7dT primer
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(5’-GGCCAGTGAATTGTAATACG-
ACTCACTATAGGGAGGCGGTTTT-
TTTTTTTTTTTTTTTT-3’; Operon,
Alameda, CA, USA) was added to 23
UL RNA- or DNase-treated cell lysate.
The RNA was denatured at 70°C for 10
min and chilled on ice for 10 min.
dNTPs (1 pL 10 mM; Amersham Bio-
sciences, Piscataway, NJ, USA), 3 uL
0.1 mM DTT (Invitrogen), and 2 uL
SuperScript II™ reverse transcriptase
(Invitrogen) were added to the tubes
and incubated at 42°C for 2 h. For the
second-strand cDNA synthesis, 81 UL
RNase-free water, 30 UL 5x second-
strand buffer (Invitrogen), 3 uL 10 mM
dNTPs, 1 UL E. coli DNA ligase (Invit-
rogen), 4 UL E. coli DNA polymerase |
(Invitrogen), and 1 uL RNase H (Invit-
rogen) were added to bring the total
volume to 150 pL, and the tubes were
incubated at 16°C for 2 h. At the end of
this time, 2 L. T4 DNA polymerase
(Invitrogen) were added, and the sam-
ples were incubated at 16°C for 5 min.
Phase Lock Gel™ (Eppendorf, West-
bury, NY, USA) and phenol-chloro-
form-IAA (Invitrogen) were used to
extract the cDNA products, and Micro-
con-30® columns (Millipore) were then
employed to concentrate and further
purify them. The cDNAs were dried
with a SpeedVac and resuspended in
4.5 uL RNase-free water. RNA was
transcribed from the DNA template
with a MEGA Script™ T7 reagents
(Ambion), according the manufactur-
er’s instructions, and purified with an
RNeasy® Mini kit (Qiagen).

For second and subsequent rounds of
amplification, we used a T3N9 primer
(5’-GCGCGAAATTAACCCTCACTA-
AAGGGAGAGGGNNNNNNNNN-3;
Invitrogen) to drive first-strand cDNA
synthesis. Second-strand cDNA synthe-
sis and in vitro transcription were per-
formed as described above.

When the RiboAmp™ kit (Arcturus,
Mountain View, CA, USA) was em-
ployed to amplify purified samples of
total RNA, the reagents were used ac-
cording to the manufacturer’s directions.

Probe Labeling with Amine-
Modified Random Primers

Probes were synthesized from 5 ug
total RNA, 2 ug amplified material
produced from purifed RNA, or the en-

#

tire product from lysed cells. The label-
ing method was described in detail ear-
lier (15). Briefly, the RNA (15.5 uL)
was combined with amine-modified
random primer (AC6T hexamer; Sig-
ma-Genosys, The Woodlands, TX,
USA; 2 ug/uL, 2 pL) and RNase in-
hibitor (5 U/uL, 1 pL), incubated at
70°C for 10 min, and chilled on ice for
10 min. The primer/RNA solution was
then added to the RT mixture [6 UL 5x
first-strand bufter; 0.6 UL 50x aminoal-
lyl dUTP/dNTPs (25 mM dATP, dGTP,
and dCTP, 15 mM dTTP, and 10 mM
aminoallyl dUTP); 3 uL 0.1 M DTT; 2
UL SuperScript II reverse transcriptase]
and incubated at 42°C for 2 h. The re-
action was terminated with 10 uL 0.5
M EDTA, and the RNA was hy-
drolyzed with 10 uL. 1 M NaOH at
65°C for 30 min. The solution was neu-
tralized with 10 uL 1 M HCI, and
MinElute™ PCR purification kits (Qia-
gen) were used to purify the products.
These were concentrated to 9 UL in a
SpeedVac, and then 1 uL 1 M sodium
bicarbonate, pH 9.3, was added to the
cDNA solution, followed by 14.5 puL
dye solution [NHS-ester Cy3 or Cy5
(Amersham Biosciences), 62.5 ug/uL
in DMSO]. The resulting solution was
mixed by pipetting it up and down sev-
eral times; the tubes were wrapped in
aluminum foil and incubated at room
temperature for 1 h on an orbital shaker
(USA Scientific, Ocala, FL, USA). The
labeling reaction was stopped with 4.5
UL 4 M hydroxylamine hydrochloride
(Sigma, St. Louis, MO, USA). The
contents of the tubes were mixed,
briefly centrifuged, and incubated for
30 min at room temperature in the dark.
The probes were purified using QI-
Aquick™ PCR purification kits (Qia-
gen). The products were partially dried
in a vacuum centrifuge, and the vol-
umes were adjusted to 23 pL with wa-
ter. Then, 4.5 puL 20x SSC, 2 uL
poly(A) (10 mg/mL), and 0.6 uL 10%
SDS were added, and the probes were
denatured at 100°C for 2 min. The solu-
tions were pipetted onto arrays, cover-
slips were applied, and the slides were
placed in a hybridization chamber
(Corning, Corning, NY, USA). They
were incubated in a 65°C water bath for
16-24 h, washed with 0.5x SSC, 0.01%
SDS, followed by 0.06x SSC at room
temperature (10 min each). The slides
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were then placed in 50-mL Falcon®
tubes and centrifuged for 5 min at 200x
g atroom temperature.

Array Scanning and Data Analysis

The arrays were scanned with a
GenePix® 4000A scanner (Axon, Fos-
ter City, CA, USA) at 10 um resolution.
The PMT voltage settings were varied
to obtain the maximum signal intensi-
ties with less than 1% probe saturation.
The resulting images were analyzed us-
ing IPLab (Fairfax, VA, USA) and Ar-
raySuite (NHGRI, Bethesda, MD,
USA) software. The log, mean intensi-
ty was calculated to generate scatter
plots for the self/self comparisons of
probes prepared from amplified C2
RNA. To compare data from different
rounds of amplification with T3N9 and
to compare our method to the Arcturus
RiboAmp method, C2/3T3 ratios were
determined, all of the ratios were as-
signed quality scores, and elements
with quality lower than 1 were re-
moved from the dataset (3,15). The re-
maining ratios were then ranked from
lowest to highest. The top 10% and bot-
tom 10% of ranked genes were select-
ed, and only those that were concordant
in duplicate experiments with unampli-
fied total RNA were considered “true”
outliers. Then, the top and bottom 10%
of ranked genes identified in each am-
plification experiment were compared
to the list of genes obtained with unam-
plified probes.

RESULTS AND DISCUSSION

The amplification method we used is
diagrammed in Figure 1. Complemen-
tary DNA synthesis from total RNA is
primed by oligo-dT, on the 5" end of
which is a T7 RNA polymerase pro-
moter sequence (T7dT). The RNA
strands are replaced with DNA by
RNase H, DNA polymerase I, and E.
coli DNA ligase. Antisense RNA is
then transcribed from the dsSDNA tem-
plate by T7 RNA polymerase. Up to
this point, our method is rather similar
to others that have been described in the
literature. Now it diverges from them.
DNA synthesis from transcribed RNA
is primed by random 9-mers with T3
RNA polymerase promoter sequences
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on their 5" ends (T3N9). dsDNA is pre-
pared as described above, and RNA is
generated by T3 RNA polymerase.
Steps 4 and 5 can be repeated as many
times as one wants. The resulting prod-
ucts are not 3’-end biased.

First, we compared our amplifica-
tion method to the one marketed by
Arcturus, the RiboAmp RNA Kkit,
which is recommended by the manufac-
turer for amplifying RNA from laser-
captured cells. Since the instructions

4 &

provided indicate that the kit can only
be used for two rounds of amplification,
we used it this way and employed our
method to do two rounds (one T7dT
primed and one T3N9 primed) as well.
We amplified both C2 and 3T3 RNAs
and labeled 2 pg amplified product as
well as 5 ug unamplified C2 and 3T3
RNA. C2 probes from the Arcturus am-
plification, our amplification, and the
unamplified samples were combined
with the corresponding 3T3 probes, and

AAAAAA mRNA
l —— TTTTTIT-T7
AAAAAA cDNA
TTTTTT-T7
First round l
Uuuuu aRNA
+ uuuuu
T3N9 T3NS ¢ T3NS
Uuuuu
T3N9
uuuuu
T3NS cDNA
Uuuuu
T3N9
uuuuu
Second round
Uuuuu
aRNA
uuuuu
i
uuuuu
Third round
uUuuuu aRNA
uuuuu
l uuuuu
Fourth round
uuuuu aRNA
uuuuu
More rounds if necessary l

Figure 1. RNA amplification strategy. First-strand synthesis of the cDNA used for the first-round am-
plification is primed with T7dT. This is followed by second-strand replacement reactions (see Materials
and Methods). For the second and subsequent rounds of amplification, reverse transcription of the first
strand is primed with T3NO. This step can be repeated several times.

Vol. 34, No. 2 (2003)



MICROARRAY echnologies

the probe pairs were hybridized to
11232-element cDNA arrays. After the
data were filtered and normalized, 544
genes were identified as “true outliers”
based on three experiments with unam-
plified total RNA (see the “Array Scan-
ning and Data Analysis” section for de-
tails). Using probes prepared from
RNAs that had undergone two rounds
of amplification, we found 394 consis-
tent outliers using our method and 397
with the Arcturus RiboAmp method. In
the first round of amplification, our
method and the Arcturus method gave
similar results—445 and 446 consistent

outliers, respectively. Of these, about
18% were not on the list of “true out-
liers” discovered when unamplified
RNA was used. This result was encour-
aging, but as mentioned earlier, two
rounds of synthesis would surely not
permit us to profile small numbers of
cells, and we wondered whether we
could safely do additional cycles.

To answer this question, we ampli-
fied two samples of C2 RNA in parallel
with one another a total of six times. At
the end of each synthetic cycle, we
made Cy5- and Cy3-labeled probes
from the products, combined these, and

used them to develop 11 232-element
arrays. As shown in Figure 2, analysis
of the signals observed revealed excel-
lent correlation coefficients at each
consecutive step.

This was not a terribly stringent
analysis, however, and we designed a
more rigorous one. We amplified both
C2 and 3T3 RNAs up to six times using
T3NO to drive first-strand synthesis in
each round except the first, when T7dT
was employed instead. Probes were
made from amplified C2 (Cy3-labeled)
and 3T3 (Cy5-labeled) RNAs follow-
ing each round of amplification. These

R?=0.9853
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Round 5

R?=0.9929

8 12
Round 6

Figure 2. Reproducibility of RNA amplification with T3N9: self versus self exper-
iments. A single RNA sample was divided in half and amplified up to six rounds. Fol-
lowing each round, the samples were used to prepare Cy3- or Cy5-labeled probes,
which were combined and applied to an 11 323-element array. DNA used as a template
for the first round of amplification was synthesized from 1 g mouse C2 total RNA.
The reverse transcription was primed by T7dT. Subsequent rounds of amplification
were primed by T3N9 (see Materials and Methods and Figure 1). Probes made from
unamplified total RNA (R2 = 0.9853), and RNA that had been amplified 1, 2, 3, 4, 5,
and 6 times gave excellent correlation coefficients—R2 = 0.9900, 0.9902, 0.9917,

0.9919, 0.9845, and 0.9929, respectively.
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Total RNA

100 cells

Figure 3. Probes from a small number of cells. Partial images of
11232-element arrays. Cy5-labeled probe was made from 5 ug
mouse 3T3 total RNA used as reference. Amplified and unampli-
fied C2 RNAs were labeled with Cy3. Top, Probes made from 5 pug
each mouse C2 and 37T3 total RNA; middle, Cy3 probe made from
10 mouse C2 cells after three rounds of RNA amplification; bot-
tom, Cy3 probe made from 100 mouse C2 cells after three rounds

of RNA amplification.
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were combined, and 11 232-element ar-
rays were developed with probes from
unamplified total RNAs and amplified
RNAs. The filtered ratios were ranked
as described above. In duplicate experi-
ments with unamplified RNA, 602
“true outliers” were found. When ar-
rays were developed using probes
made from RNAs that had been ampli-
fied 1 to 6 times, respectively, 513, 512,
498 469, 442, and 404 concordant out-
liers were found. Thus, after four
rounds, we were still able to detect 75%
of “true outliers” we had seen with un-
amplified probes. As many other re-
searchers have observed, a single round
of amplification creates some bias—
that is, the profiles obtained are quite
similar when amplified and unampli-
fied probes are compared, but not iden-
tical. In three subsequent amplification
steps with T3N9, however, little addi-
tional distortion is introduced. More
than 91% of the differentially ex-
pressed genes found in rounds one and
four were concordant. This is not to say
that products from rounds 1 and 4 are
identical, even though consecutive
rounds of amplification give very simi-
lar products. To compare two samples,
it is best to amplify both the same num-
ber of times.

To profile 10 and 100 cells, we pre-
pared DNase-treated lysates from
mouse C2 cells, as described in the Ma-
terials and Methods section, and per-
formed three rounds of amplification on
the RNA in these extracts. We then
made probes from the products, devel-
oped arrays with them, and compared
the results to those obtained with probes
made from purified C2 cell total RNA.
As shown in Figure 3, the resulting
probes gave remarkably similar results.

We conclude that the amplification
method we have developed, used in
tandem with the labeling technique we
described earlier, can be used to make
probes from a small number of cells
for expression profiling. Refining the
technique should allow us to study sin-
gle cells.
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